Introduction
When something bad happens, we often think how things could have turned out differently (e.g., "If I had set my alarm, I would not have missed my appointment."). Imagining an alternative reality, which could have replaced the actual one, is called counterfactual thinking. Counterfactual thoughts influence our feelings and thoughts about certain past events or actions. They also inform us how to prevent the past from repeating itself [5] . Therefore, counterfactual thinking is heavily intertwined with both past and future episodic thoughts.
Recent neurological studies show that episodic past and future thinking share several areas in the brain, which reflect common memory and social processes. A first set of areas is directly engaged by a variety of memory processes. Episodic memory (i.e., about specific events) activates the precuneus (PC) and nearby areas, including the retrosplenial cortex and the posterior cingulate cortex [4, 9] . Semantic memory (i.e., general world knowledge) recruits the middle temporal gyrus (MTG) and also the temporal pole (TP), which plays, among other functions, an important role in representing social semantic concepts [6] . Relational processing in memory and the creation of new memory traces engages the (para-) hippocampus (HC [1] ).
A second set of areas is involved in social cognition: thinking about the mind of oneself or other persons (mentalizing). According to Van Overwalle [10] mentalizing about temporary goals, intentions or desires of self or other persons activates the temporo-parietal junction (TPJ); while inferring more long-term social * Corresponding author. E-mail: nivhoeck@vub.ac.be. aspects (traits, norms, scripts) engages the medial prefrontal cortex (mPFC).
A last area, activated by the episodic thinking and related to both memory and social cognition, is the lateral prefrontal cortex (lPFC). Spreng et al. [7] suggest that this area is involved in keeping and manipulating information online.
Since this network of brain areas is not only activated during episodic memory tasks, but also during theory of mind tasks and rest periods (default mode), researchers propose that this brain network has a more general function of supporting the projection of oneself in another temporal or contextual situation (including in another person), or of scene construction [7] . Since counterfactual thinking implies self-projection and scene construction, it should also activate this brain network (Hypothesis 1)! To investigate the common and different (sub-)areas involved in counterfactual thinking and episodic memory, we directly compared brain activity during episodic thinking (past retrieval and future construction) and counterfactual reasoning using event-related functional MRI. Since there are different types of counterfactuals, we focused on the most frequent one in daily life [5] in which an event turns out better (upward) by replacing or adding a different action. Based in part on the predictions by Barbey et al. [3] , we expect that these counterfactuals, in contrast to thoughts about a negative past, will generate greater activation in a number of areas (Hypothesis 2). Undoing the past by one's own or other person's effort involves a goal-directed action which will activate the TPJ to a greater extent. The anticipation of positive outcomes and the emotional processing of feelings of regret will activate the orbitofrontal cortex (OFC; is involved in emotion regulation by representing the anticipated event outcomes). The conflict between the counterfactual and past reality will engage areas involved in conflict monitoring and control, such as the posterior medial Frontal Cortex (pmFC) and lateral PFC (lPFC [2] ). In addition, we expect little differences in activation pattern between counterfactuals and positive future thoughts. Both are in this study positive in their nature, in conflict with the past, and ask for behavioral planning. Nevertheless, counterfactuals specifically focus on undoing the event by someone's actions. Therefore, we expect them to activate the TPJ more (Hypothesis 3).
Method
One week before scanning, 14 healthy participants (six males and eight females, mean age 21 years) were asked to describe negative events from their own past. For each participant 20 of their stories were adapted into personalized trials which were used during scanning. Three relevant cue words were added to each story to be used as a memory aid (e.g., car -phone -holiday).
During scanning participants had to recall a negative past event, imagine a similar positive future event, or imagine a similar counterfactual event (better outcome than the past reality). In a semantic baseline condition, they had to recall as much detail as possible about the semantic meaning of each cue word. Each condition consisted out of 20 trials. Each trial began with a slide announcing the condition (task), the three personal cue words and specific task instruction (e.g. "Imagine what would have happened if you had paid more attention to the road during the car trip in France").
We report statistical contrasts after correction for multiple comparisons, using the non-parametric test statistic developed by Slotnick et al. [8] . After 2000 simulations a cluster extent was determined at 31 contiguous resampled voxels which is equivalent to a corrected p = 0.05.
Counterfactual thinking and episodic retrieval activated common (TPJ, HC, MTG, PC, lPFC, mPFC) as well as distinct brain areas (TP, OFC, pmFC). All three hypothesis were confirmed (see Fig. 1 ), although the (para)HC only survived a cluster threshold of 10 voxels. Nevertheless, we did not predict that counterfactual thinking would activate the MTG and TP more than episodic thinking. A possible explanation is that in order to imagine a better outcome for negative past event, participants also retrieved information about what behavior is more appropriate according to social conventions and semantic world knowledge, resulting in the greater activation of the MTG and TP.
We can conclude that counterfactual thinking engages a similar brain network as episodic memory. Nonetheless, it also activates different brain areas, especially in contrast to past episodic retrieval, since counterfactual thinking requires participants to monitor different (and conflicting) realities (pmFC & lPFC), anticipate an upward improvement (OFC) and have the intention to bring about that change (TPJ).
